Background: Gliomas account for the major part of primary brain tumors. Based on their histology and molecular alternations, adult gliomas have been classified into four grades, each with distinct biology and outcome. Previous studies have focused on cell-line-based models and patient-derived xenografts (PDXs) from patient-derived glioma cultures for grade IV glioblastoma. However, the PDX of lower grade diffuse gliomas, particularly those harboring the endogenous IDH mutation, are scarce due to the difficulty growing glioma cells in vitro and in vivo. The purpose of this study was to develop a panel of patient-derived subcutaneous xenografts of different grade gliomas that represented the heterogeneous histopathologic and genetic features of human gliomas.
Background
Gliomas form a heterogeneous group of tumors in the central nervous system (CNS) and are the most common brain tumors [1] . Gliomas, including diffuse gliomas and more circumscribed gliomas, have been classified into grades I to IV by the 2016 World Health Organization (WHO) according to their histology and molecular features [2] . Different grade gliomas have distinct molecular alterations, diverse clinical manifestations, heterogeneity, invasive growth, and resistance to cancer therapies. Thus, there is an urgent need to develop novel therapeutics and companion diagnostics for the molecular and genetic heterogeneous different grade gliomas. For decades, investigations into the pathogenesis underlying glioma and resistance mechanisms have been performed using xenografts based on conventional cancer glioblastoma (GBM) cell lines, such as U87 and U251 [3, 4] . However, these cell line-derived xenografts do not typically reproduce cancer heterogeneity or have therapeutic resistance cues because cultured cell lines suffer from genome and transcriptome alterations caused by in vitro culture conditions over many years [5, 6] . For these reasons, the clinical value of these cell models as an accurate representative tumor model, with some notable exceptions (e.g., U251 GBM cells) [7] , has been regularly questioned. It has been increasingly shown that patient-derived xenograft (PDX) models, obtained by engrafting patient tumor fragments or short-term cultured tumor cells from patients into immunodeficient mice, represent a reliable preclinical model for drug development and personalized therapy [8, 9] . Studies on orthotopic GBM xenograft models using primarily cultured GBM cells or GBM stem cells have recapitulated the characteristics of the original tumor [10, 11] . However, only six studies have described PDX models from patient-derived glioma cultures for lower grade glioma because low-grade glioma cells are difficult to grow in vitro and in vivo [12] [13] [14] . Moreover, those primarily cultured tumor cell xenograft models are frequently unable to recapitulate the interaction of gliomas with the microenvironment, such as vasculature [15] . Of particular importance, invasiveness and recurrence of subcutaneous PDXs near the site of implantation and in primarily implanted place for gliomas were not observed in any previous publication.
In this study, we established glioma model systems of distinct WHO grades that were derived from patient specimens. Then we analyzed the association between the success rate of implantation with clinical parameters and resemblance to the patient's original tumor using immunostaining, short tandem repeat (STR) analysis, copy number variation (CNV) and quantitative realtime polymerase chain reaction (qPCR). Here, we established low-grade and high-grade glioma xenografts that reflected the grade-specific characteristics of the original gliomas, allowing preservation of the valuable patient specimens and propagation of the tumor tissue for biobanking and development of glioma intracranial models. This approach may provide novel strategies for drug screening and therapy.
Methods

Patients and tumor samples
After obtaining written informed consent, surgical specimens and clinical records were obtained from 16 patients with gliomas who had surgery to remove brain tumors at the First Affiliated Hospital of Chongqing Medical University (Chongqing, China), in accordance with the appropriate Institutional Review Boards (Table 1) . At Chongqing Medical University [2] , tumors were examined by pathologists and classified based on the 2016 WHO criteria of the CNS. Written informed consent was obtained from all of the patients.
Mouse use and care
Specific pathogen-free 6 to 8-week-old female and male NOD-Prkdc scid ll2rg null (NPG) mice were purchased from Beijing Vitalstar Biotechnology Co., Ltd. (Beijing, China), and housed and maintained in the animal facilities of Chongqing Medical University. All animal studies conformed to the Guidelines for the Care and Use of Laboratory Animals.
Subcutaneous xenograft animal model
Mice were anesthetized with an intraperitoneal injection of 40 mg/mL tribromoethanol (Sigma, St. Louis, MO, USA) diluted in tert-amyl alcohol and normal saline according to a previous report [16] . Specimens from surgery were added to cryopreserved Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 (Hyclone, Logan, UT, USA) containing 10% fetal calf serum (FCS; Gibco, New York, NY, USA), 1% penicillin, and 1% streptomycin. Tumor specimens were placed in sterile dishes and cut into 3-mm pieces with sterile surgical instruments within 5 h of surgery. A total of two to four tumor pieces were subcutaneously implanted into the right and left flanks of 8 to 12-week-old NPG mice (50% females and 50% males). Implantation was conducted in a laminar flow cabinet using sterilized surgical instruments. Xenografts Keywords: Patient-derived xenografts (PDXs), Gliomas, Heterogeneity, Histology, Genetics Table 1 Clinical characteristics of the patients with gliomas used for implantation WT were measured weekly using vernier calipers in two dimensions when the implanted glioma was tangible. Tumor volume was calculated using the following equation: (width 2 × length)/2. Latency time, the time until growth was observed, was defined as the time between implantation and the first moment of measurable tumor (~ 13.5 mm 3 ) according to the literature [17] . When the tumor volume grew to more than 1500 mm 3 or animals reached humane endpoints as stated in the Laboratory Animal Guideline for ethical review of animal welfare of Standardization Administration of China (GB/T 35892-2018), the tumor was harvested for propagation or fixed for histological evaluation and snap-frozen in liquid nitrogen for subsequent investigations. The implanted mice were still observed after the surgical removal of primary xenografts to evaluate whether the xenografts preserved the recurrence that characterizes the corresponding patient glioma. We also observed whether distant invasive xenografts were present near the primary implanted tumor fragments to validate the invasiveness of engraftments.
Histology and immunohistochemistry
Paraffin-embedded tumor tissues from primary and xenograft tumors were sliced into 4 μm sections. Tumor morphology was evaluated by staining with hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining. The slides were deparaffined in xylene, dehydrated in a graded alcohol series, and stained with H&E for histological examination. Heat-mediated epitope retrieval and protease-induced epitope retrieval were used for IHC detection. Then the sections were treated overnight at 4 °C with primary antibodies against glial fibrillary acidic protein (GFAP, anti-human monoclonal antibody, 1:100 dilution, ZA-0529; Zsbio, Beijing, China), vimentin (anti-human monoclonal antibody, 1:100 dilution, ZA-0511; Zsbio, Beijing, China), oligodendrocyte transcription factor 2 (OLIG2, anti-human monoclonal antibody, 1:100 dilution, ZA-0561; Zsbio, Beijing, China), Ki67 (anti-human monoclonal antibody, 1:100 dilution, ZA-0502; Zsbio, Beijing, China). Sections were subsequently incubated with a secondary antibody conjugated with horseradish peroxidase polymer. Next, staining was conducted with DAB substrate, and counterstaining was done with hematoxylin. The ratio of stained positive cells to unstained negative cells was evaluated by counting at least 1000 cells in randomly chosen 400× magnification fields; the scoring the five fields of interest was done by two independent observers in a blind manner.
To determine whether there was replacement of human vasculature by mouse vasculature, tumor cryosections were double-stained with a monoclonal rabbit antihuman cluster of differentiation 31 (CD31) antibody (1:100 dilution, ab180175; Abcam, Cambridge, UK) and a monoclonal rat anti-mouse CD31 antibody (1:100 dilution, 553708; Becton-Dickinson, Franklin Lakes, NJ, USA). Cryosections were subsequently rinsed and labeled simultaneously with FITC-conjugated goat anti-rabbit IgG and Cy3-conjugated goat anti-rat IgG. Lastly, cellular nuclei were counterstained by 40,6-diamidino-2-phenylindole (DAPI, Sigma). At low power field (100×), we chose five fields within the most intensely vascularized fields (so-called ''hot spots'') under fluorescent microscopy. The vessels of these areas were counted at high power field (400×) by Image Pro-plus 6.0 software and the average microvessel number expressing human CD31 and mouse CD31 in the five fields of interest was scored. Finally, the percentage of anti-human CD31 positive vessels in the total vessels was obtained.
STR analysis, whole-exome sequencing, and genetic mutation of isocitrate dehydrogenase
Genomic DNA was extracted from representative frozen fragments of each patient's tumor and their corresponding PDX tumors from the serial passages using a QIAamp DNA Mini Kit (QIAGEN Inc., Hilden, Germany), and it was stored at − 80 °C until analysis. For STR analysis, target DNA was amplified by multiplex PCR for 21 loci using the Microreader ™ 21 Direct ID System PCR Amplification Kit (Microread Genetics Co., Ltd, Suzhou, China). PCR products were electrophoresed in the ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA), and analyzed with Gene Mapper ID software (v3.2) using the supplied allelic ladders (Applied Biosystems). For genetic mutation of isocitrate dehydrogenase (IDH) 1 and IDH2, PCR reactions (denaturation at 95 °C for 3-5 min, followed by 35 cycles, starting at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s) were performed in a 50 µL volume that contained 2 µL DNA, 2 µL each primer, 2 µL Dntp mix, 5 µL 10× Taq Buffer, and 0.5 µL Taq plus DNA (Sangon Biotech, Shanghai, China). PCR products were purified using a SanPrep PCR Purification Kit (Sangon Biotech), and sequencing was performed using the BigDye Terminator Kit (v 1.1; Thermo Fisher Scientific) on the 3730XL genetic analyzer. Whole-exome sequencing was conducted on tumor specimens from five independent patients (20161128, 20170410, 20180129, 20180408, and 20180521) and their matched PDX tumors from different generations. Briefly, the extracted DNA was quantified using a Qubit fluorometer. DNA-seq libraries were generated and captured exome regions using Agilent SureSelect Human All Exon V6. After quality control, DNA libraries were constructed and sequenced to a target depth of 100× for all samples on the Illumina HiSeq platform. After removal of duplicate reads, the base quality control was determined using Cutadapt 0.7.15 software. Of these, variants with low frequency (< 0.05) were first filtered in 1000 genome database and ExAC database, and only the missense variants were maintained to perform final analysis. A single BAM alignment file was saved and used in GATK4 v4.1.0.0 for SNP and indel analysis. The identified mutant locus was annotated by ANNOVAR software. Resulting data were utilized to calculate CNVs across the human reference genome Build 38 (hg38) and were compared among different specimens using CNV kit. PCA was conducted to compare the concordance of mutation results between the tumor and their matched PDXs.
Statistical analysis
The chi-square test was used to evaluate the association of individual tumor characteristics with engraftment. The percentage of cells that stained positive for Ki-67 was analyzed using the Student's t-test, and data of GFAP, vimentin, and OLIG2 are shown as the mean ± standard deviation. Statistical analysis was conducted using SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA). All statistical tests were two-sided, and statistical significance was set at P < 0.05.
Results
The success rate of glioma xenografts is significantly associated with IDH-wild type and high Ki67 expression in patients
Between November 2016 and May 2018, tumor tissues from 16 patients with gliomas of WHO grades II-IV were implanted in mice. Patient information and tumor histopathology are shown in Table 1 . From these, 11 PDX models were successfully established (success rate, 68.8%). The success rates of grades II, III, and IV were 33.33% (1/3), 60.00% (3/5), and 87.50% (7/8), respectively. The characteristics of the original tumors that succeeded or failed to form xenografts were compared retrospectively. The results demonstrated that tumor engraftment was not dependent on patient gender, age, or WHO grade. However, there was a higher frequency of IDH-wild-type gliomas than IDH-mutant gliomas (10/10 vs. 1/6, P = 0.001). Moreover, the success rate was significantly associated with high Ki67 expression (> 5%) in the patient tumor samples (11/13 vs. 0/3, P =0.004), suggesting that Ki67 activity may impact the success rate.
Propagated xenografts grow faster than first-generation xenografts
Among the 11 successfully established xenografts, 6 were passaged to second generation, 2 were propagated to the third generation, and a total of 3 were propagated to fourth, fifth, or sixth generations. The median latency time until growth in the first generation was 91 days, but varied from 35 to 154 days among histology subtypes ( Table 2 ). The mean latency period of tumors of WHO grade IV was significantly shorter than that of first-generation tumors of WHO grades II and III. Once the tumors reached a size of around 15 mm or if the mice were in poor health, tumors were harvested and serially transplanted in mice to establish further generations, and were also stored in 95% FCS and 5% DMSO in liquid nitrogen (Fig. 1 ). Xenograft tumors that were serially passaged showed significantly faster growth compared to firstgeneration tumors, which suggested that the proliferative capability of passaged xenografts was stronger than that of first-generation tumors, and that PDX models had enhanced proliferative activity of tumor cells.
Maintenance of invasive and recurrent properties of diffuse gliomas in xenograft tumors
To investigate the recurrence of xenografts, the xenograft tumors were surgically removed from the tumor-bearing mice and the mice were still observed for evidence of recurrent xenograft tumor growth at the primary implanted location. Interestingly, recurrent xenografts in case 20161128 at its P2 passage and case 20170410 at its P3 passage were observed after the surgical removal of primary xenografts (Fig. 2a) . Moreover, distant aggressive xenografts in case 20180521 (Anaplastic Oligodendroglioma, IDH MUT ) were present near the primary (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) implanted tumor fragments and xenografts at the P1 to P3 passages (Fig. 2b) . Recurrent and distant aggressive xenografts were not observed in the other cases.
Morphology and immunophenotypes of different grade gliomas in xenograft tumors resemble those of patient glioma types
To exclude that the engrafted tumors did not acquire any phenotypic drift, the histology of tumors formed in mice was compared to the matched patient tumor by H&E staining. In all cases, the tissue architecture and morphology of grown xenografts were grossly similar to the corresponding patient tumors (three representative matched cases are shown in Fig. 3 ). The tumor cells of xenografts maintained the key immune-phenotype of patient gliomas, as determined by staining using GFAP, vimentin and OLIG2. However, there was a trend towards a poorer differentiation with enhanced tumor cell density, nuclear atypia, and endothelial proliferation through increasing generations (Fig. 3) . This was also shown by the decreased GFAP expression and increased vimentin expression over generations ( Fig. 4 and Additional file 1: Table S1 ). However, using a monoclonal rat anti-mouse and rabbit anti-human antibody to stain for CD31, increased expression of mouse CD31 on endothelial cells lining the vessel walls in the PDX tumor tissue was observed compared to the primary tumor, suggesting a switch of human to mouse vessels. Proliferative activity, as evaluated by Ki67 staining, showed high proliferation in all propagated xenografts ( Fig. 5 and Additional file 2: Figure S1 ).
Reproduction of molecular characteristics of human gliomas in glioma xenografts
To further evaluate the similarities between xenograft tumors through the generations and the corresponding parental tumors, we conducted a genomic analysis. First, STR genotyping was performed to ensure that each glioma xenograft was derived from the matched patient with glioma ( Fig. 6 ). Significant heterogeneity was observed among tumors from different patients. In general, the genomic consistency in the majority of tumors from the same patient and their corresponding PDX models was rigorously maintained (Fig. 6a, c) , with the exception of some alterations that were observed in cases 20170612 and 20170327 ( Fig. 6b, d) . To confirm the diagnosis, we PCR-amplified IDH1 and IDH2. Analysis of the genetic mutations of IDH indicated that 10 cases of the examined genetic mutations through generated or recurrent xenografts precisely replicated in the corresponding xenograft tumors, with the exception of case 20180521, revealed a low heterozygous G/A (11.7%) mutation in the original patient tumor that altered to a GG genotype in the xenografts through serial generations and distant aggressive tumors (Fig. 7) . In whole-exome sequencing, all the samples were passed the QC criteria including average rate of quality value 30 (Q30) > 80% and average error rate < 0.1%. CNV analysis showed that the CNV pattern the parental patient gliomas was generally replicated by grafted tumors through generation, recurrence, and aggressiveness. PCA showed that there was significant heterogeneity among different patient's tumors. However, the tumors from the same patient and their matched PDXs clustered together (Fig. 8 ).
Discussion
In this study, we established a panel of 11 glioma PDX models from 16 fresh tissues of different grade gliomas according to 2016 CNS WHO grading, which reflected all major histological and genetic characteristics of different grade gliomas. Previous studies have shown that the success rate of brain tumor PDX models varies between 80 and 90% [11] . However, it has also been reported that implantation of brain tumor tissue fragments has failed [18] . In accordance with previous reports, we had a total success rate of 68.75% that varied from 33.33 to 87.50% depending on the different WHO grades by subcutaneous PDX. A tendency for an increased success rate was shown for grades IV and grade III in contrast to grade II, although there was no significant increase in the success rate among the three grades. In our experience, the WHO grade is one of the key factors that determine success rate because the grades are directly associated with the malignant degree. Therefore, it is plausible that the success rate is high for grade IV, and gradually decreases for grades III and II. From the IDH status perspective, IDH-wild type gliomas significantly increased the success rate compared to IDH-mutant gliomas, possibly because the IDH mutation is an early driver of gliomagenesis [19] . Ki67 is directly associated with proliferative ability; the expression of Ki67 significantly enhanced the success rate of the engrafts by more than 5%. This result is similar to the findings of previous studies in lung cancer and ovarian tumor PDX models [17, 20] . Therefore, these results suggest that successful engraftment of tumor tissue is dependent on both tumor-type and Ki67 expression. Invasive growth and tumor recurrence are the two key characteristics of diffuse gliomas in humans. Invasive patient-derived orthotopic xenografts (PDOXs) for gliomas have been modeled from patient surgical specimens and patient-derived short-term cultures [11, 21, 22] . In addition, invasive orthotopic gliomas have been established from subcutaneous xenografts from surgical specimens of patients with gliomas and from their propagations [23] . However, there is no report of invasive growth and tumor recurrence in glioma subcutaneous PDX models. In the present study, recurrence of xenografts in diffuse astrocytoma at its P2 passage and in the recurrent GBM at its P3 passage was observed after the surgical removal of primary xenografts. Moreover, a spreading of isolated xenografts into the adjacent connective tissue was observed in the primary implanted tumor fragments and xenografts at the P1 to P3 passages in anaplastic oligodendroglioma. These results suggest that the PDX models in our study recapitulated the invasive properties of human malignant gliomas. Fig. 8 Copy number analysis of parental and their corresponding xenograft tumors using whole-exome sequencing. a In the CNV analysis plot, the pattern of CNV of the parental gliomas of patient 20180521 were generally replicated by grafted tumors through the generations and the recurrence and aggressiveness. b Principal component analysis (PCA) showed that the tumors from the same patient and their matched PDXs clustered together. c Genomic gain is indicated in green and genomic loss is indicated in blue over all chromosomes of the primary tumor of patient 20180521, the corresponding PDXs (P1 to P3) and the distance growth tumors
